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Sn-doped In2O3 or ITO is the most widely used transparent conducting oxide. We use first-principles calcu-
lations to investigate the limitations to its transparency due to free-carrier absorption mediated by phonons
or charged defects. We find that the main contribution to the phonon-assisted indirect absorption is due to
emission (as opposed to absorption) of phonons, which explains why the process is relatively insensitive to
temperature. The wavelength dependence of this indirect absorption process can be described by a power law.
Indirect absorption mediated by charged defects or impurities is also unavoidable since doping is required to
obtain conductivity. At high carrier concentrations, screening by the free carriers becomes important. We
find that charged-impurity-assisted absorption becomes larger than phonon-assisted absorption for impurity
concentrations above 1020 cm−3. The differences in the photon-energy dependence of the two processes can
be explained by band-structure effects.
In2O3, and in particular Sn-doped In2O3 (usually re-
ferred to as ITO), is the most widely used transpar-
ent conducting oxide (TCO).1 The material combines
transparency to visible light with high conductivity, al-
lowing for a wide range of applications, such as trans-
parent electrodes in flat-panel displays2 or solar cells,3
(opto)electronic devices,4 IR-reflective window coatings,5
plasmonics,6 and integration with Ga2O3 electronics.
7
The fundamental band gap of In2O3 is around 2.6-2.9
eV;8–13 however, strong optical absorption starts only
around 3.5-3.7 eV.8–13 The absence of absorption from
valence to conduction band is a necessary but not suffi-
cient condition for transparency to visible light. Achiev-
ing high conductivity requires introducing a high concen-
tration of electrons in the conduction band; carrier con-
centrations as high as 2x1021 cm−3 have been reported.14
Excitation of these free carriers to higher-energy states
can also lead to optical absorption; a fundamental study
of this process is the subject of this Letter.
Direct transitions of free carriers in the conduction
band to higher-lying conduction bands (see Fig. 1) are
not possible with visible-light photons; only indirect tran-
sitions can lead to absorption within the visible range.
Such processes are usually described by a Drude model;
here we will use first-principles calculations, i.e., without
any fitting parameters, to go beyond such a phenomeno-
logical approach. This allows us to describe the funda-
mental limitations to the transparency of In2O3 caused
by the interactions of phonons and charged impurities
(or defects) with the free carriers. We will first discuss
the phonon-assisted process, followed by a discussion of
the effect of charged impurities, which are unavoidably
present due to the need for large concentrations of free
a)Electronic mail: peelaers@ku.edu
FIG. 1. (Color online) The electronic band structure of In2O3
along high-symmetry k-point paths. The zero energy is set at
the valence-band maximum. The transitions corresponding
to the S1 and S2 matrix elements [Eq. (2)] are illustrated.
carriers to obtain good conductivity. For the phonon-
assisted process we compare our results, based on first-
principles calculations of matrix elements, with the com-
monly used Fro¨hlich approximation, and we discuss why
absorption in In2O3 is much weaker than in SnO2. We
explicitly include screening, for both the phonon-assisted
and charged-impurity processes.
Our calculations are performed using density func-
tional theory within the local-density approximation
(LDA).15 We used norm-conserving Troullier-Martins
pseudopotentials16 in the Quantum-ESPRESSO17
package, with a cutoff energy of 90 Ry for the plane-
wave basis. The Brillouin zone is sampled with a 4x4x4
Monkhorst-Pack18 k-point mesh. Phonons and electron-
phonon coupling matrix elements are calculated within
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2FIG. 2. (Color online) The 40-atom unit cell of bixbyite
In2O3. The large spheres are In atoms and the smaller spheres
O atoms. Indium atoms occupy distorted octahedral posi-
tions on either the Wyckoff 24d or 8d sites, and oxygen atoms
occupy the 48e positions.
density functional perturbation theory19 on a 24×24×24
q-grid.
In2O3 can occur in several polymorphs;
20 here we fo-
cus on the most stable structure, which is cubic bixbyite,
with space group #206 or Ia3¯. Its unit cell, shown in
Fig. 2,30 consists of 40 atoms. We obtain a lattice pa-
rameter of 10.15 A˚, in good agreement with the exper-
imental value of 10.12 A˚.21 Since there are 40 atoms in
the unit cell, 120 phonon modes are present, which signif-
icantly increases the computational burden of calculating
the electron-phonon interactions on a fine q-point mesh.
Our calculated frequencies at the Γ point agree well with
previous calculations22 and with experiment.22–29 A com-
parison of the Raman-active phonon frequencies is shown
in the Supplementary Material in Table S1.
The electronic band structure is shown in Fig. 1. Since
LDA underestimates the band gap, a scissor shift is ap-
plied to the conduction bands to reproduce the experi-
mental band gap. However, since we are only considering
free-carrier absorption here, the exact value of the band
gap is not important; what matters is the conduction-
band structure. To ascertain the validity of the LDA
conduction-band structure, we compared it with a calcu-
lation performed with a hybrid functional.31 The energy
and dispersion of conduction bands were very similar in
the two calculations, with differences that would have
negligible effects on the calculated free-carrier absorption
[see Fig. S1 of the Supplementary Material]. Figure 1
shows that the conduction-band minimum is located at
the Γ point. The valence bands have low dispersion and
mainly O p character, while the lowest conduction band
is comprised of s orbitals and has a large dispersion. The
electron effective mass calculated from LDA, 0.16 me, is
close to the experimental value of 0.18 me.
32
Phonons mediate absorption by providing the mo-
mentum necessary to reach unoccupied conduction-band
states away from the zone center. We describe this indi-
rect absorption process using Fermi’s golden rule:33
α(ω) =2 4pi
2e2
ωcnr(ω)
1
Vcell
1
NkNq
∑
νijkq |eˆ · (S1 + S2)|2
× Pδ(j,k+q − ik − h¯ω ± h¯ωνq) . (1)
Vcell is the unit-cell volume, h¯ω and eˆ are the energy and
polarization of the absorbed photon, nr(ω) the refractive
index of In2O3 at frequency ω, h¯ωνq the phonon energy,
and ik the electron energy. i and j indicate the band
number, ν the phonon mode, k and q the wave vectors,
and Nk and Nq are the number of k and q wave vectors
in the grid. The generalized optical matrix elements S1
and S2 are given by
S1(k, q) =
∑
m
vim(k)g
el-ph
mj,ν
(k,q)
mk−ik−h¯ω ,
S2(k, q) =
∑
m
gel-ph
im,ν
(k,q)vmj(k+q)
m,k+q−ik±h¯ωνq , (2)
and correspond to the two possible paths of the indirect
absorption process (see Fig. 1). vim(k) are the optical
matrix elements and gel-phmj,ν (k, q) the electron-phonon cou-
pling matrix elements. The factor P accounts for the car-
rier and phonon statistics and contains the temperature
dependence,
P =
(
nνq +
1
2
± 1
2
)
(fik − fj,k+q). (3)
Here nνq and fik are the phonon and electron occupation
numbers. The upper (lower) sign corresponds to phonon
emission (absorption). Note that all quantities entering
here are calculated from first principles, without any fit-
ting parameters. Eq.(1) contains a sum over both k- and
q-points. By making the assumption that all free carriers
are located near the Γ point, and that these have similar
electron-phonon matrix elements, we can replace the dou-
ble sum by a single sum over q-points, which is essential
for rendering the computations tractable. The assump-
tion that the carriers are located near the Γ point is fully
justified for electron concentrations up to 3× 1018 cm−3,
while the assumption for the matrix elements is valid for
Fermi levels up to at least 0.5 eV above the conduction-
band minimum (corresponding to carrier concentrations
up to 2 × 1020 cm−3). To obtain results that are inde-
pendent of the free-carrier concentration, we will report
the absorption cross section, which is the absorption co-
efficient α divided by the free-carrier concentration.
There are two possible processes: either an existing
phonon can be absorbed or a new phonon can be emit-
ted. Our results (at 300 K) are shown in Fig. 3 for photon
energies up to 3.7 eV, the energy at which strong absorp-
tion from valence to conduction bands sets in. However,
weak across-the-gap absorption has been observed with
an onset at the fundamental gap;8,34 therefore we shade
the energy range between 2.9 and 3.7 eV in grey. The
phonon emission process is clearly the dominant absorp-
tion process at 300 K. This also implies that lowering
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FIG. 3. (Color online) Calculated phonon-assisted absorp-
tion cross section for In2O3 (at 300 K) as a function of pho-
ton energy. The grey area indicates energies for which weak
across-the-gap transitions can take place. Contributions from
phonon absorption versus phonon emission are identified. The
dashed line indicates a fit to a power law, as described in the
text. The dotted line indicates the result obtained by the
Fro¨hlich model.
the temperature would not significantly affect phonon-
assisted absorption, since phonons can be emitted even
at 0 K. Fig. S2 shows a comparison between 0 K and 300
K.
The indirect absorption increases with decreasing pho-
ton energy (or longer photon wavelength). We find that
the relation between phonon-assisted indirect absorption
and photon energy can be expressed by a power law. In
Fig. 3 we show a fit to σ/(10−18cm2) = a × (h¯ω/eV)−3,
where we fitted in the region of photon energies from 0.62
eV to 2.7 eV. The fit yields a coefficient a = 0.83. The
agreement between the first-principles results and the fit
is very good at low photon energies; deviations are ob-
served only for photon energies larger than 2.5 eV. This
fit implies that the absorption is inversely proportional
to the cube power of the photon energy, or equivalently
proportional to the cube of the photon wavelength. Such
a relationship is expected in the case of linear disper-
sion (a good approximation for conduction bands that
show strong nonparabolicity) and absorption dominated
by longitudinal-optical (LO) phonons.35
Our first-principles results in Fig. 3 take all phonon
modes and all possible transitions between electronic
bands into account. It is informative to compare these
results with a simplified model, in which we assume that
the main contribution to phonon-assisted absorption is
due to LO phonon modes, and that only the highest
phonon mode contributes. The electron-phonon coupling
matrix elements are then given by the Fro¨hlich model
gF (q) =
1
q
√
2pih¯ωLOe2
Vcell
(
1
∞
− 1
0
)
, (4)
where ωLO is the frequency of the LO mode at the Γ
point and ∞ and 0 are the high-frequency and static
dielectric constants. For photon energies up to about
2 eV, where intraband transitions dominate, the single-
LO phonon mode Fro¨hlich model closely approximates
the full first-principles results. The slight underestima-
tion is related to the fact that not all modes are taken
into account. Nevertheless, the good agreement indicates
that LO phonon modes, with a 1/q dependence of the
electron-phonon matrix elements, are dominant.
The absorption cross section calculated by the Fro¨hlich
model shows a slight upturn at energies just below 2
eV, which is caused by interband processes: an inspec-
tion of the band structure (Fig. 1) shows that at en-
ergies of about 2 eV above the conduction-band mini-
mum the first conduction band becomes degenerate with
the second conduction band, for example along the seg-
ment H-N. However, the Fro¨hlich model overestimates
the magnitude of these interband electron-phonon ma-
trix elements, which is even more evident for interband
transitions around 3 eV.
The Fro¨hlich model also provides insight into why
phonon-assisted indirect absorption in In2O3 is about
50% smaller compared to SnO2,
33,35 another TCO mate-
rial. Based on Eq. (4), we see that electron-phonon cou-
pling is stronger in SnO2. SnO2 is more ionic than In2O3,
i.e., there is a larger difference between the static and
high-frequency dielectric constants and hence the factor(
1
∞
− 10
)
in the Fro¨hlich model [Eq. (4)] is larger in
SnO2. In addition, the highest LO phonon frequency in
SnO2 is larger than the highest LO frequency in In2O3.
Both effects contribute to SnO2 having stronger absorp-
tion than In2O3. However, an even larger role is played
by the density of states [which enters Eq. (1) through the
energy-conserving delta function] being larger in SnO2
than in In2O3, due to the smaller effective mass for elec-
trons of In2O3.
At high carrier concentrations, screening of the
electron-phonon interaction can be significant. This ef-
fect is included by multiplying the electron-phonon ma-
trix elements by q
2
q2+q2scr
. qscr is a screening length, which
is obtained from either the Debye model (non-degenerate
case) or the Thomas-Fermi model (degenerate case). Re-
sults are shown in Fig. 4 for two values of the electron
concentration. The curve labeled “Phonon 1017 cm−3”
in Fig. 4 is practically equivalent to the unscreened result
(shown previously in Fig. 3), since for these low carrier
concentrations the effect of screening is negligible. At
higher free-carrier concentrations, screening becomes im-
portant, reducing the phonon-assisted absorption cross
section. The screening effect is larger for smaller photon
energies.
We now turn to a discussion of free-carrier absorp-
tion assisted by a different mechanism, namely charged-
impurity scattering. This process is unavoidable, because
the high conductivity of a TCO requires doping, which
leads to the presence of ionized defects or impurities. In
4FIG. 4. (Color online) Phonon- (solid lines) and charged-
impurity-assisted (dashed lines) absorption cross section for
In2O3 as a function of photon energy, for two representative
concentrations of free carriers. Screening is included as de-
scribed in the text.
In2O3, the free carriers are typically provided by Sn dop-
ing, leading to the presence of charged Sn+ centers. We
describe the resulting indirect absorption process by scat-
tering off a screened Coulomb potential, where the matrix
elements are given by
gimpurityi,j =
〈
i,k
∣∣∣∣ 4pie2Z0(q2 + q2scr)
∣∣∣∣j,k + q〉 . (5)
We assume here that all Sn dopants are ionized and that
these are the only charged impurities present; the con-
centration of ions is then equal to the concentration of
free carriers. This assumption neglects compensation and
thus provides a lower limit for the total concentration of
charged centers.
As seen in Fig. 4, at 1017 cm−3, charged-impurity-
assisted absorption is negligible compared to the phonon-
assisted process, but at 1021 cm−3, charged-impurity
scattering dominates. For photon energies up to 2 eV
the absorption decreases with increasing photon ener-
gies, similar to the phonon-assisted process. Above 2 eV,
the impurity-assisted absorption increases, with a peak
around 3 eV. As mentioned before, for energies around
2 eV above the conduction-band minimum, the first con-
duction band becomes degenerate with the second con-
duction band (Fig. 1). The corresponding matrix ele-
ments are larger for the charged-impurity process com-
pared to the phonon process, leading to an increase in
absorption. In addition, around 3 eV, many more final
states become available (see, e.g., the band crossings at
the H point in Fig. 1). Note that in the band structure
obtained using hybrid functionals (see Fig. S1) the higher
conduction bands are located at slightly higher energies
compared to our LDA calculations; this will move the
aforementioned peaks to higher energies. The crossover
point, where the impurity-assisted process is similar in
magnitude to the phonon-assisted process, occurs at an
impurity concentration around 3×1020 cm−3; at higher
doping concentrations impurity-assisted process becomes
the dominant absorption process.
In conclusion, we have reported a detailed analysis
of the limitations on transparency due to indirect free-
carrier absorption in In2O3. Using first-principles tech-
niques, we find that the phonon-assisted process is dom-
inated by emission of phonons, and increases with de-
creasing photon energies. This increase can be described
by a third power dependence on the wavelength. For
long-wavelength photons, a Fro¨hlich model, only tak-
ing the highest LO phonon mode into account, pro-
vides a reasonable description of the indirect absorption
up to about 2.5 eV. This model can also explain why
phonon-assisted indirect absorption in In2O3 is about
50% smaller than this in SnO2. Charged-impurity-
assisted absorption becomes the dominant process for
concentrations above 3×1020 cm−3.
SUPPLEMENTARY MATERIAL
See supplementary material for a comparison of the
band structure calculated with LDA and with a hybrid
functional, a comparison of the calculated Raman-active
phonon frequencies with previous calculations and exper-
iments, and a comparison of the phonon-assisted indirect
absorption at 0 K and 300 K.
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Supplementary Material: Limitations of In2O3 as a transparent conducting oxide
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I. COMPARISON OF BAND STRUCTURES CALCULATED WITH LDA AND WITH A HYBRID
FUNCTIONAL
For the comparison of the band structure we used fully relaxed calculations using the HSE06 [1, 2] hybrid functional.
To be able to directly compare the LDA band structure and the HSE06 band structure, we set the valence-band maxima
to zero, and used a scissor shift so that the conduction-band minima occur at 2.9 eV. Fig. S1 shows this comparison,
where solid purple lines are the LDA results, and dashed black lines the HSE06 results. The curvature of the lowest
conduction band is slightly larger for LDA compared to HSE06. To quantify this, we calculated the effective mass,
obtaining 0.16 me for LDA and 0.21 me for HSE. The experimental value is 0.18 ± 0.02 me [3], showing that the
LDA value agrees with experiment to within the experimental error bar. The higher conduction bands are located at
slightly higher energies for the HSE06 band structure compared to the LDA band structure.
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FIG. S1. Calculated band structure of In2O3 using LDA (solid purple lines) and HSE06 (dashed black lines). The valence-band
maxima of both band structures are set to 0, and the conduction-band minima to 2.9 eV.
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2II. COMPARISON OF PHONON FREQUENCIES
TABLE S1. Calculated phonon fequencies (in cm−1) for Raman-active phonon modes in In2O3 and comparison with previous
calculations [4] and experiments [4–11].
Mode This work Ref. 4 Ref. 4 Ref. 5 Ref. 6 Ref. 7 Ref. 8 Ref. 9 Ref. 10 Ref. 11
Symmetry calculated
Tg 100 106 108 109
Tg 111 114 118 112
Ag 130 128 131 135 135 131 135 131
Tg 146 148 152
Eg 165 165 169 172
Tg 205 199 205 215
Tg 207 204 211 219
Tg 312 302 306 307 308 306 307 306 307
Ag 318 302 306 310 303
Eg 320 308 317
Tg 324 312
Tg 373 356 365 369 365 366 365 365 366
Tg 396 379 392
Eg 401 385 396 400
Tg 448 438 454
Tg 465 447 467 469 471
Ag 487 476 495 499 504 495 496 495 495 496
Tg 516 499 520 517
Tg 538 520 547
Eg 584 565 590 589
Ag 595 576 629 602 602
Tg 618 600 628 633 637 630 627 628 630
3III. TEMPERATURE DEPENDENCE OF THE INDIRECT PHONON-ASSISTED ABSORPTION
FIG. S2. Calculated phonon-assisted absorption cross section for In2O3 as a function of photon energy for T=300 K and
T=0 K. The grey area indicates energies for which weak across-the-gap transitions can take place. Contributions from phonon
absorption versus phonon emission are identified. At 0 K, there is no contribution from phonon absorption, so that the total
cross section is equal to the contribution from phonon emission.
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